Purpose Nationwide data have been lacking on drug abuse (DA)-associated mortality. We do not know the degree to which this excess mortality results from the characteristics of drug-abusing individuals or from the effects of DA itself. Method DA was assessed from medical, criminal, and prescribed drug registries. Relative pairs discordant for DA were obtained from the Multi-Generation and Twin Registers. Mortality was obtained from the Swedish Mortality registry. Results We examined all individuals born in Sweden 1955-1980 (n = 2,696,253), 75,061 of whom developed DA. The mortality hazard ratio (mHR) (95% CIs) for DA was 11.36 (95% CIs, 11.07-11.66), substantially higher in non-medical (18.15, 17.51-18.82) than medical causes (8.05, 7.77-8.35) and stronger in women (12.13, 11.52-12.77) than in men (11.14, 10.82-11.47). Comorbid smoking and alcohol use disorder explained only a small proportion of the excess DA-associated mortality. Co-relative analyses demonstrated substantial familial confounding in the DA-mortality association with the strongest direct effects seen in middle and late-middle ages. The mHR was highest for opiate abusers (24.57, 23.46-25.73), followed by sedatives (14.19, 13.11-15.36), cocaine/stimulants (12.01, 11.36-12.69), and cannabis (10.93, 9.94-12.03). Conclusion The association between registry-ascertained DA and premature mortality is very strong and results from both non-medical and medical causes. This excess mortality arises both indirectly-from characteristics of drugabusing persons-and directly from the effects of DA. Excess mortality of opiate abuse was substantially higher than that observed for all other drug classes. These results have implications for interventions seeking to reduce the large burden of DA-associated premature mortality.
Introduction
The abuse of illicit psychoactive substances [hereafter drug abuse (DA)] contributes substantially to the global burden of disease [1] [2] [3] and is strongly associated with premature mortality [1, [4] [5] [6] [7] [8] [9] [10] . DA represents one of the chief modifiable behavioral risk factors for mortality in the US [11] and is a major contributor to the recent increase in all-cause mortality in US working class white men [12] .
While the aggregate evidence associating DA and premature mortality is strong, important limitations exist in many of the individual studies that have examined this question [6, 7, 13, 14] . With important exceptions (e.g., [4, 15, 16] ), follow-up periods are typically short giving a limited view of time-course of DA-associated mortality especially into middle and late adult life. Sample sizes tend to be modest, particularly given the relative rarity of death in early adulthood, the focus of most such studies. Ascertainment is rarely population based and often involves a single treatment facility. Few studies are sufficiently powered to compare mortality associated with different classes of illicit substances.
Most critically, we are unaware of prior studies that have attempted to disentangle the causative relationship between DA and excess mortality. Individuals with DA are predisposed to a range of personality traits (e.g., novelty seeking and impulsivity [17] [18] [19] ) and health habits (e.g., smoking and excess drinking [20] ) that impact on mortality. To what extent is the excess mortality associated with DA an indirect effect of these predispositions vs. a direct effect of the DA itself? This is a critical question, because it indicates what proportion of the excess mortality might be prevented if the progression to DA could be prevented.
We here report a study which addresses several of these prior limitations. We examined prospectively a large population-based cohort in Sweden, where illicit DA (excluding alcohol and tobacco abuse) was identified from medical and legal registries which we followed into late adulthood matching to national mortality records. In this cohort, we address six questions: Based on information in the medical, criminal, and prescribed drug register, we defined DA. In the Swedish medical registries, DA was identified from primary and secondary ICD codes [ICD8: Drug dependence (304); ICD9: Drug psychoses (292) and Drug dependence (304), nondependent abuse of drugs (305.1-305.9); ICD10: Mental and behavioral disorders due to psychoactive substance use (F10-F19), except those due to alcohol (F10) or tobacco (F17)]; in the Suspicion Register by codes 3070, 5010, 5011, and 5012 that reflect crimes related to DA; and in the Crime Register by references to laws covering narcotics (law 1968:64, paragraph 1, and point 6) and drugrelated driving offences (law 1951:649, paragraph 4, subsection 2 and paragraph 4A, and subsection 2). DA was identified in individuals (excluding those suffering from cancer) in the Prescribed Drug Register who had retrieved (in average) more than four defined daily doses a day for 12 months from either hypnotics and sedatives [Anatomical Therapeutic Chemical (ATC) Classification System N05C and N05BA] or opioids (ATC: N02A). An individual was considered as registered for DA if he/she fulfilled any of the criteria described above.
To investigate the association between DA and mortality, we utilized a Cox proportional hazards model in which the risk of death, from age 15 until end of follow-up (death, emigration, or 2010), was modeled as a function of their first DA registration. As first registration for DA could occur at varying ages, we treated DA as a time-dependent covariate: i.e., from age 15 and until the year, the individual was registered for DA and this individual was considered as free of DA and from the year of DA and until end of follow-up, this individual was considered registered for DA. In this model, the proportionality assumption was not fulfilled suggesting that the association between DA and mortality varied across ages. We, therefore, included several coefficients, based on age intervals, for DA. We selected the number of age intervals based on model fit value (lowest Akaike's information criterion (AIC) [21] ) and non-overlapping 95% CIs for the resulting coefficients. In the final model, we included a separate coefficient for ages 15-22, 23-39, 40-44, 45-49 , and 50-56. Robust standard errors were used to adjust the 95% confidence intervals to reflect that the sample contained individuals from the same family. We also included mid-parent educational status [(1) B9 years, (2) 10-11 years, and (3) 12 years or more], sex and year of birth in the model.
The Multi-Generation Register contains connections between index persons and their biological parents; hence, pairs of twins, siblings, half-siblings, and cousins can be derived. The Swedish Twin Register was used to separate MZ-twin pairs from DZ-twin pairs. To clarify the degree to which the excess mortality associated with DA arises indirectly, from the predispositions of the kind of person who develops DA, vs. directly from the DA itself, we used a co-relative design. From the Swedish Multi-Generation Register and the Swedish Twin Register, we identified all MZ-twin pairs and all full-sibling, half-sibling pairs, and first-cousin pairs. Using stratified Cox proportional hazards models, we refit all analyses within strata of the specific relative set [MZ twins (among the total number of MZ-twin pairs born 1955-1980, 164 pairs were discordant for DA and included in the co-relative models), full-siblings (40,645 discordant sibling sets), half-siblings (43,827 discordant pairs), and cousins (222,249 discordant pairs)]. Within each strata, the hazard ratio (HR) was adjusted for familial clustering, thereby accounting for an array of unmeasured shared genetic and environmental factors.
Next, we combined all five samples (i.e., population, twin, full-and half-sibling, and cousin) into one data set on which we performed two analyses. The first allowed all coefficients for each sample to be independent. In the second, we modeled the resemblance in longevity in relatives as arising from genetic factors, consistent with prior empirical findings [22] . For each DA coefficient (i.e., within each age interval), we assumed that the coefficient followed the genetic resemblance for each sample: i.e., 0 for the population, 0.125 for cousins, 0.25 for half-siblings, 0.5 for full-siblings, and 1 for the MZ-twin sample. We compared this model, using the AIC, with the previous model. If the second model fitted the data well, we obtained an HR for the familial confounding within each age interval as well as an improved estimation of the DAmortality association among all types of relatives, but especially MZ twins, where the data were sparser. We create from these estimates a confounding index which ranges from zero-reflecting no contribution of familial confounding to the observed association (consistent with the association arising entirely from direct effects of DA)-to unity, indicating that the entire association arises from familial confounding influences (consistent with DA having no causal impact on mortality). Our confounding index was calculated from the estimated mHR in the general population (mHRgp), and in discordant monozygotic twins, mHRmz was defined as follows:
Total familial confounding would predict that the value of the mHRmz should equal unity. That is, the mHR would be the same in both members of a pair of MZ twins, where one had DA and the other did not. Therefore, as confounding becomes total, the ratio of [mHRmz-1]/[mHRgp-1] goes to zero and the confounding index goes to unity. By contrast, no familial confounding predicts that the mHRmz and mHRgp will be the same. That is, the mHR would be the same in a person picked at random from the general population (controlling for age, sex, and parental education) as in an unaffected member of an MZ-twin pair, where the cotwin had DA. Under those circumstances, the ratio of [mHRmz-1]/[mHRgp-1] goes to one and the value of the confounding index goes to zero. If familial confounding contributed approximately half of the overall association, we would predict a value of mHRmz-1 that would be around one half of the value of mHRgp-1 and produce a value of the confounding index of 0.5.
For those registered for DA, we could identify in 45% of cases, one or more of four classes of abused substances: opiates, stimulants, sedatives, and cannabis. Opiate abuse was defined by ICD10 code F11, ICD9 codes 305.5 and 304.0, and ICD8 code 304.0. In the Swedish Crime Registry, we used references to laws covering narcotics (law 1968:64, paragraph 1, and point 6) and drug-related driving offences (law 1951:649, paragraph 4, subsection 2 and paragraph 4A, and subsection 2). Within those laws, cannabis was defined by codes 9-13. Stimulant abuse was defined by ICD10 codes F14 and F15, ICD9 codes 305.7, 304.2, and 304.4, and ICD8 code 304.4. In the Swedish Crime Registry, we used references to laws covering narcotics (law 1968:64, paragraph 1, and point 6) and drugrelated driving offences (law 1951:649, paragraph 4, subsection 2 and paragraph 4A, and subsection 2). Within those laws, cannabis was defined by codes 1-7. Sedative abuse was defined by ICD10 code F13, ICD9 codes 305.4 and 304.1, and ICD8 code 304.1. In the Swedish Crime Registry, we used references to laws covering narcotics (law 1968:64, paragraph 1, and point 6) and drug-related driving offences (law 1951:649, paragraph 4, subsection 2 and paragraph 4A, and subsection 2). Within those laws, cannabis was defined by codes 17 and 19. Cannabis abuse was defined by ICD10 code F12 and ICD8 and 9 codes 304.5 in the medical registers. In the Swedish Crime Registry, we used references to laws covering narcotics (law 1968:64, paragraph 1, and point 6) and drug-related driving offences (law 1951:649, paragraph 4, subsection 2 and paragraph 4A, and subsection 2). Within those laws, cannabis was defined by code 8. We applied a hierarchy of the substances in the order noted above. This means, for example, that a cannabis registration would not be considered as such in our analysis unless it was the only registered drug noted. We then applied the same analytical framework, as described above, in which we included five dummy variables indicating substance (including one dummy variable for unknown substance).
In additional analyses, we divided causes of death into two groups: non-medical and medical. Non-medical causes of death were defined in Swedish Mortality Register by the following ICD codes: ICD10: X, V, Y, S, T and in ICD 8 and 9 by E-codes. All other causes were defined as medical causes of death. We then replicated the analysis described above using a competing risk model as the two types of mortality were mutually exclusive.
Furthermore, in an additional analysis, we excluded cases of DA who also had a lifetime diagnosis of alcohol use disorder (AUD). For a definition of AUD, see [23] .
Finally, in an additional sample of 49,463 males who underwent examination for army conscription in 1969-1970, we had available to us their smoking status at age 18 (these individuals were born in 1951-1952 and were, therefore, slightly older than our main study cohort). The smoking variable was categorized into three groups: no smoking, light smoking (1-10 cigarettes/day), and heavy smoking (more than 10 cigarettes per day). On this sample, we replicated the Cox regression models using DA as a time-dependent covariate while controlling for smoking status. All statistical analyses were performed using SAS 9.3 [24] .
Results

Descriptive findings
Key descriptive features of our sample are depicted in Table 1 . Our main study cohort, born 1955-1980, contained 2,696,253 individuals followed for a mean of 27.7 years. Of those, 75,061 developed DA for a prevalence of 2.78%.
DA was associated with a substantially elevated mortality with an unadjusted mortality HR (mHR) of 11.96 (95% CIs, 11.66-12.27). Controlling for sex, parental educational status, and year of birth, the mHR was reduced slightly to 11.36 (11.07-11.66). DA-associated mortality was much higher for non-medical than for medical causes [18.15 (17. The mortality rate was not constant over the lifespan and demonstrated an inverted U-shape function, maximizing in early-to-mid-adulthood (Fig. 1) . Sex differences were similar across the lifespan with the ratio of the mHRs in males vs. females ranging across age groups from 0.72 to 0.86 with no clear temporal trend. Higher mortality HRs from non-medical to medical causes were seen in all age groups and the ratio tended to increase with advancing age, reaching a maximum at ages 45-49.
Impact of smoking and alcohol use disorder
Smoking status was known at age 18 for a cohort of 49,463 males who underwent examination for army conscription in 1969-1970. Light and heavy smoking in that group was associated with substantial elevations of mortality with mHRs of 1.41 (1.30-1.53) and 1.88 (1.74-2.04), respectively. In this select group, the unadjusted mHR for DA was 8.46 (7.58-9.43). Controlling for smoking status at conscription, the mHR for DA declined modestly to 7.03 (6.27-7.88). In our entire sample, if we excluded from analysis all cases of DA who also had a lifetime diagnosis of AUD, the mHR for DA declined only slightly to 11.31 (10.86-11.77).
Co-relative analyses
We next examined the association between DA and mortality by age group in the general population and then in first-cousins, half-siblings, full-siblings, and MZ-twin pairs. Our co-relative model fitted the data well (the AIC of the raw data vs. model was 1,680,540.2 and 1,680,537.6, respectively). The results of this model are shown in Fig. 2 and Table 3 in the ''Appendix''. This figure compares the mHR for DA in the general population to that observed within pairs of discordant relatives. If familial factors contribute to the DA-mortality association, then the mHR should be attenuated in those pairs compared to the general population and more attenuated in more closely related pairs. This is exactly the pattern we observe across all ages, consistent with some degree of familial confounding for the DA-mortality association. However, the mHRs were consistently greater than unity in MZ twins, suggesting a direct causal effect of DA on mortality. The degree of familial confounding can be seen visually by the slope of the declining HR moving from genetically unrelated individuals in the general population, through cousins, halfsiblings, full-siblings, and MZ twins. Numerically, the slope is captured by the Confounding Index, values for which are shown in Table 2 . The proportion of the DAmortality association that is the result of familial confounding decreased with advancing age. However, even in the 1950s, the Confounding Index suggests that the majority of the DA-mortality association arose from confounding familial influences.
Specific drugs of abuse
One or more drugs of abuse were available for 44.8% of the individuals registered for DA. Using the hierarchy outlined 
Cohort born 1940-1980
We did not study subjects born before 1955 in our main cohort to prevent substantial left truncation for age at onset of DA, as DA case ascertainment was not fully in place from the medical and criminal registries until the mid1970s. However, this meant that the oldest subjects we could study were aged 50-56. To investigate where patterns of DA-associated mortality change in late adulthood, we moved the beginning birth date for our cohort from 1955 to 1940. Although there is more bias in this sample toward recurrent or late onset DA in these earlier birth years, it is the only way to examine DA-mortality association into late adulthood. Results including the co-relative analyses are shown in Fig. 3 and Table 4 in the ''Appendix''. The overall trends shown in Fig. 2 are continued into the late 1950s and 1960s. Mortality effect of DA declined further with advancing age. As can be seen by visual inspection of Fig. 3 and the numerical results presented in Table 2 , the degree of familial confounding did not decrease in late adult life but instead actually increased modestly.
Discussion
Our main goals of this report were to further clarify the nature and causes of the association between DA and excess mortality. We addressed six questions which we review in order.
First, in the Swedish population with a mean follow-up of 28 years, DA was associated with a nearly 12-fold increase in mortality. We are unaware of other methodologically similar studies to which our findings can be directly compared. Results from four reports can help contextualize our findings. In a cohort of 11,432 drug abusers (92% heroin users) attending treatment facilities in Rome, with a mean follow-up period of 7.1 years, the standardized mortality ratio (SMR ± 95% CIs) was estimated at 17.3 (16.5-18.2) [16] . A cohort of 4817 drug abusers (30% opiate users) seeking treatment at one facility in Helsinki Finland with a mean follow-up of 9 years demonstrated an SMR of 8.9 (8.1-9.7) [25] . In 9866 members of the National Drug Abuse Treatment Clinical Trials Network followed for around 1 year, the SMR was estimated to be 5.59 in females and 3.39 in males [10] . A 27-year follow-up of the Baltimore Epidemiologic Catchment Area Study-a general population sample assessed by interview-found much more modest increases in mortality associated with non-medical opioid pan reliever use (HR = 1.60) and non-medical use of other drugs (HR = 1.31) [26] .
Second, elevated mortality from DA was more than twice as great for non-medical than medical causes of death and modestly higher in females than males. Similar findings have been noted previously. For example, an extensive review of opiate-associated mortality [7] noted the high proportion of deaths arising from over-dose, trauma, and suicide. Other reports have observed higher DA-associated mortality rates in females than males [7, 8, 13, 16, 27] .
Third, we found an inverted U-shaped function for DAassociated mortality across the lifespan reaching its maximum in early adult life but with substantial excess mortality found well into late adulthood. Our curve for age-related mortality for DA closely mirrors that seen for illicit drugassociated disability from the Global Burden of Disease study which also shows a sharp peak in early adult life [2] .
Fourth, we were able to examine the degree to which the increased mortality associated with DA arose due to comorbidity with smoking and alcohol misuse. While we could study AUD in our entire cohort, smoking data were available on a much smaller sub-sample. Nonetheless, both these analyses suggested that little of the increased morality associated with the abuse of illicit substances could be explained by the use or misuse of the two harmful legal substances consumed for their psychoactive effects: nicotine and ethanol. Fifth, for the first time to our knowledge, we demonstrated that a substantial proportion of the DA-mortality association arose from familial confounding. Across all ages, our analyses suggested ( Table 2 ) that a majority of this association arose indirectly from shared familial predispositions. However, at all ages, and especially in middle-to-middle-late adult life, our results also indicate a substantial, direct and probably causal effect of DA on mortality. While our design does not permit us to further specify the nature of the confounding factors, our guess is that both genetic and familial-environmental factors are involved. Important mediating variables might include personality traits such as impulsivity, low education, excess alcohol and tobacco use, and other lifestyle choices that are associated with both DA and premature mortality.
Sixth, congruent with prior studies, we found that mortality was substantially higher for opiate abuse than for other forms of DA. A broadly comparable national study of a Danish opiate addicts found, over a 5-year follow-up, an SMR of 12.3 (11.0-13.8) in males and 17.4 (13.9-21.4) in females [8] . Fugelstad et al. [28] found that mortality rates from opiate abuse (largely heroin) were more than three times higher than that seen from amphetamines. Particularly, informative are three recent reviews estimating SMRs in largely treatment seeking cohorts and finding much higher estimates for opiates (14.66) [7] than for cocaine (4-8) [6] or amphetamines (6.22) [13] . In addition, intravenous use of drugs is strongly associated with excess mortality [29] and this form of administration is particularly common with opiates [30] .
We conducted our main analyses on the cohort born 1955-1980, so we could detect early onset DA in the entire sample. However, this limited our ability to examine mortality effects of DA in late adult life. We, therefore, also examined a 1940-1980 cohort the older members of which, to be ascertained for DA, had to have either recurrent or late onset abuse. However, the pattern of results from this 1940-1980 cohort was reassuringly similar to those obtained using birth years , suggesting that we were correctly estimating the pattern of DA mortality into late adult life.
Limitations
These results should be interpreted in the context of five potential methodological limitations. First, our results only apply to the Swedish population which for DA-associated mortality appears to be representative of Europe [8] . Second, DA was ascertained using official registries which are not dependent on subject cooperation or accurate recall. Compared to interview assessments, these methods likely generate both false-positive and, particularly, false-negative diagnoses. While large interview studies of DA prevalence do not exist in Sweden, lifetime prevalence of drug abuse/dependence in near-by Norway was estimated at 3.4% [31] , close to our rates of DA (2.8%). Third, evidence that the mortality rate for DA ascertained in the medical registry was considerably higher than in the criminal registry raises the concerns that the former estimates are biased upward, because drug-abusing individuals with comorbid medical conditions would more likely be detected. This has sometimes been called the ''unhealthy drug user effect''. We reduced this concern by restricting the ICD codes used to ascertain cases to only drug dependence, abuse, and psychosis and counting only the primary and first secondary diagnoses, the former accounting for 75.3% of medically ascertained cases. However, mortality rates were modestly greater in cases, where DA was the second vs. primary diagnosis (mHR = 1.16, 1.10-1.23). However, for most of our medically ascertained cases of DA, the DA was not an incidental finding in those who presented for care for other medical problems. Nonetheless, our estimates for DA-related mortality are much higher than those recently estimated from a US population-based sample [26] . Our cases of DA are probably, on average, more severe than those identified by interview surveys, and there might be a bias in our ascertainment which has enriched our sample of DA cases for those with higher levels of medical comorbidity. Fourth, if our ascertainment for DA is substantially incomplete, given the known strong familial aggregation of DA [32] [33] [34] , false-negative cases will be common in relatives of DA probands, biasing upward our measure of familial confounding as mortality rates would be elevated in these undetected DA cases and biasing downward our estimates of the direct effects of DA on mortality. Fifth, we detected DA from four registries, two of which-medical and conviction-were constant over our period of study (from 1973 to 2010), while two-arrest and pharmacy registries-were added in, respectively, 1997 and 2005. To examine whether the addition of these two new registries biases our estimates, we calculated the mHR for DA using only cases ascertained in the medical and criminal conviction registries. The unadjusted mHR and that adjusted for sex, parental educational status, and year of birth were moderately higher than those obtained using all our registry data: 13.39 (13.03-13.76) and 12.37 (12.03-12.71), respectively.
Conclusion
In a large national sample followed for nearly three decades, DA, ascertained from nationwide criminal and medical registries, was associated with a nearly 12-fold increased mortality rate. This estimate may be biased upward for two reasons. First, our use of registries rather than general population surveys may have identified more severe cases. Second, our use of medical registries may have included more DA cases with medical comorbidity. This increased mortality in DA was strongest in early adult life, arose from elevations of both medical and especially non-medical causes, and was greater in women than men. This excess mortality arose from both indirect causes (e.g., characteristics of DA-predisposed persons) and from the direct impact of DA. Indirect effects were overall more important, with direct effects strongest in middle-to-middle-late adult life. Opiate abuse was associated with substantially higher mortality rates than other drug classes. Little of the excess mortality associated with DA could be explained by comorbidities with smoking or AUD. Our findings have important implications for interventions seeking to reduce the large burden of DA-associated premature mortality. In particular, they suggest that preventing DA will reduce only a portion of the mortality burden as individuals who abuse drugs would be at increased risk for early death even if they do not actually misuse illicit psychoactive substances.
